Introduction 1
Drilling is one of the most common and complex operations among many kinds of machining methods. Burr is a plastically deformed material generated on part edge during drilling (Gillespie, 1975) . The exit burr is formed on the other side of drilled hole, when the drill pierces the workpiece by pushing out uncut volume. The exit burrs in drilling affect the reliability of product and degrade the performance in the precision parts. The special tools are necessary for deburring to remove the burrs formed inside a cavity. It is estimated that the deburring and edge finishing costs on precision components constitute as much as 30% of total cost of finished products (Gillespie, 1979) . Thus, it is essential to minimize the burr formation at the manufacturing stage by selecting the appropriate drilling process parameters. This necessitates an appropriate optimization tool to minimize the burr size for a specified combination of drilling process parameters.
Many researchers have carried out experimental investigations to study the effects of process factors on burr formation mechanisms during drilling of several workpiece materials (Stein and Dornfeld, 1997; Dornfeld et al., 1999; Lin, 2002; Ko et al., 2003) . In order to analyze the burr formation mechanisms in drilling, finite element models were employed (Guo and Dornfeld, 2000; Min et al., 2001a) . The empirical drilling charts were developed to minimize burr size for a single layered material to choose suitable cutting conditions for different materials (Min et al., 2001b; Min et al., 2001c; Kim et al., 2001) . The mathematical models based on response surface methodology (RSM) were also developed for predicting and analyzing the burr size in drilling (Pande and Relekar, 1986) . The investigations on drilling optimization of stainless steel workpieces using genetic algorithms (GA) revealed that point angle and lip clearance angle have major contributions in controlling the burr size apart from the cutting conditions (Gaitonde et al., 2008) . However, GA optimization requires an accurate model to describe the complex and non-linear relationship between the process parameters and burr size.
Taguchi parameter design has produced a unique and powerful optimization tool that differs from conventional practices and can economically satisfy the needs of problem solving and design optimization with less number of experiments (Phadke, 1989; Ross, 1996) . Thus, it is possible to reduce time and cost of experimental investigations and also to improve the performance characteristics using Taguchi design. The original Taguchi technique is designed to optimize a single performance characteristic. However, most of the processes have several performance characteristics and hence there is a need to obtain single optimal process parameter combination setting. Several modifications were suggested to original Taguchi method for multi response optimization (Jeyapaul et al., 2005) . The methodology of Taguchi's quality loss function has proved to be an attractive and efficient optimization tool for multiple performance characteristics (Ames et al., 1997) . The multi-performance characteristic optimization using Taguchi's quality loss function employs the weighting factors in the total loss function to obtain multi-response signal to noise (S/N) ratio.
AISI 316L stainless steel material has high corrosive resistance properties and hence finds many applications in chemical industries, aircraft designs and in manufacture of medical apparatus. The formation of burrs during drilling is a major problem due to large strain hardening coefficients and ductility of the work materials. One of the most common cutting tool materials for drilling of stainless steel is HSS (Kim et al., 2001) . Hence, HSS conventional twist drills were used for drilling experiments. This paper presents the application of Taguchi's quality loss function concept for multi-objective drilling process optimization to determine the best combination values of cutting speed (v), feed (f), point angle (θ) and lip clearance angle (ψ) for a given drill diameter in order to simultaneously minimize burr height (B h ) and burr thickness (B t ) during drilling of AISI 316L stainless steel workpieces using high speed steel (HSS) twist drills. 
Nomenclature

Methodology
Taguchi parameter design
Taguchi parameter design is an effective methodology for finding the optimum levels of controllable factors to make the product or process insensitive to noise factors (Phadke, 1989; Ross, 1996) . Taguchi method is based upon orthogonal array experiments, which allows the simultaneous effect of several process parameters. Taguchi suggests S/N ratio as the objective function for orthogonal array experiments and to measure the quality characteristics. The S/N ratio also indicates the degree of predictable performance in the presence of noise factors. Taguchi classifies the signal to noise ratio into smaller the better type, larger the better type and nominal the best type based on the type of objective function (Phadke, 1989; Ross, 1996) .
The analysis of means (ANOM) is used to determine the optimal levels of the process parameters in Taguchi design. The ANOM is also used for estimating the main effects of each parameter, and the effect of a factor level is the deviation it causes from the overall mean response (Phadke, 1989) . The process parameter setting with the highest value of S/N ratio is the optimal quality with minimum variance in the experimental design space. The analysis of variance (ANOVA) in Taguchi analysis establishes the relative importance of process parameters and is performed on S/N ratios to obtain the percentage contribution (PC) of each of the parameters (Phadke, 1989; Ross, 1996) .
Multi-response optimization using quality loss function
The multi-performance characteristic optimization using Taguchi's quality loss function employs the weighting factors in total loss function (Ames et al., 1997) . Taguchi used a loss function to determine the deviation between the experimental and desired values. This loss function is further transformed into a multiresponse S/N ratio. In the process optimization with multiple performance characteristics, each performance characteristic may belong to a different category in the analysis of S/N ratio.
In the present work, the objective is to simultaneously minimize burr height and burr thickness at the exit of holes in drilling. The simultaneous minimization of performance characteristics is obtained by considering lower the better type category (Phadke, 1989; Ross, 1996) . The quality loss function for the i th quality characteristics at the j th trial in an orthogonal array for lower the better type is given as:
where z ij is the i th performance characteristic value in the j th trial. In a process with multiple responses, the loss function for every performance characteristic is normalized and the normalized quality loss associated with i th quality characteristic at j th trial is given by:
is the average loss function of i th characteristic due to n trials. In the weighting method of computing total quality loss function, proper weighting factors to each of the normalized quality loss function are to be assigned. For g number of performance characteristics, the total loss function for j th trial is given as:
where w i is the scalar weighting factor for i th performance characteristic. Taguchi loss function for multi-response optimization requires the maximization of multi-response S/N ratio. The multiresponse S/N ratio for j th trial can be expressed as:
Experimental Procedure Experimental parameters and their levels
In the present study, four process parameters, namely, cutting speed (v), feed (f), point angle (θ) and lip clearance angle (ψ) were identified. The drilling of AISI 316L stainless steel work material is usually performed in the industries with cutting speed in the range 8-24 m/min using HSS twist drills. The feed in the range 0.04-0.12 mm/rev is normally preferred with higher drill diameters in order to avoid excessive temperature rise during drilling operation. The range of point angle for drilling of stainless steel was selected based on the investigations carried out by Stein (1997) . The range of lip clearance angle was fixed as 8-12° based on preliminary experiments. Accordingly, the ranges of the process parameters were selected in the present investigation. Each parameter was investigated at three levels to study the nonlinearity effect of process parameters. The identified process parameters and their levels are given in Table 1 . 
Planning for experiments
Taguchi parameter design begins with the selection of orthogonal array with number of levels (l) defined for each of process parameters v, f, θ and ψ. The minimum number of trials in an orthogonal array is given by:
where, k = number of parameters = 4. This gives N min = 9 and hence, according to Taguchi quality design concept (Phadke, 1989; Ross, 1996) . L 9 orthogonal array has been selected, which has 9 rows corresponding to number of test trials with required columns. The experimental layout for drilling process parameters using L 9 orthogonal array is shown in Table 2 . ABCM Table 2 . Experimental layout of process parameters as per L9 orthogonal array. A  B  C  D  1  1  1  1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9 3 3 2 1
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Experimentation and Burr Size Measurement
The drilling experiments were performed on a three-axis 'YCM-V116B' CNC vertical machining center (Make: Yeong Chin Machinery Industries Co., Taiwan) with a Fanuc controller. The CNC machine is equipped with a 15 kW drive motor. The machining center has a maximum feed rate of 5000 mm/min and a spindle speed from 45-4000 rpm. The maximum table travel along X-axis is 1100 mm and along Z-axis is 630 mm. The maximum saddle travel along Y-axis is 600 mm. A drilling fixture was used to clamp the specimens onto a flat surface and the purpose is to maintain the perpendicularity of the exit surface of the hole and spindle of the machine. The fixture consists of two clamps, which can be tightened to hold the edge of the specimen onto the flat surface. The fixture contained a slot in between the flat surfaces on which the specimen rested. The seat of the fixture was perfectly ground to create a flat surface perpendicular to the spindle before mounting the specimen for drilling. The fixture was mounted in the vise on the machine tool table.
The 25 mm thick AISI 316L stainless workpieces were used for all drilling experiments. The chemical composition and mechanical properties of the work material are listed in Table 3 . The work specimens were annealed at 1060 ± 10°C, soaked for one hour and then quenched in water. The workpieces were polished on the exit surfaces before drilling to prepare for the optical burr measurement. The burr height and burr thickness were measured on 'RPP-400' toolmakers' microscope (Make: Sicherun-Gen Versehen, Germany) with a resolution of 1 µm at 30 × magnification. To measure burr height, the focus was put on top of burr and then on exit surface. The burr height is the distance between two foci. The burr thickness was measured by reading the distance between inner surface of drilled hole and the location at which curvature of root of burr begins. The observed burrs were more or less uniform during the drilling experiments. The burr height (B h ) and burr thickness (B t ) values were recorded at four equally spaced locations around the circumference and the mean reading was the process response. In order to avoid systematic errors, the trials were randomized. The measured values of burr height and burr thickness corresponding to L 9 orthogonal array for selected drill diameters of 4, 10, 16, 22 and 28 mm are illustrated in Table 4 . The burrs observed at the exit of holes during experimentation for 16 mm drill diameter are illustrated in Fig. 1 . 
Results and Discussion
Analysis of experimental data
In order to optimize the multiple performance characteristics, namely, B h and B t , Taguchi's quality loss function concept has been employed in the present study. The loss functions, normalized loss functions for each of the responses, total loss function and corresponding multi-response S/N ratios for each trial of L 9 orthogonal array were determined using Eqs. (1)-(4) and are presented in Tables 5, 6 , 7, 8, and 9 for drill diameters of 4, 10, 16, 22 and 28 mm respectively. In the present investigation, total loss function was computed using weighting factor of 0.5, which gives an equal importance to both B h and B t .
Analysis of means and analysis of variance
The analysis of means (ANOM) is carried out for the selected drill diameters of 4, 10, 16, 22 and 28 mm to determine the optimal levels of the process parameters (Phadke, 1989) . The results of ANOM are represented in response graphs (Figs. 2, 3 , 4, 5 and 6). The level of a parameter with highest value of S/N ratio is the best combination level. In order to investigate the effects of drilling process parameters quantitatively the analysis of variance (ANOVA) is performed. The ANOVA is accomplished by separating total variability of multi response S/N ratio, which is measured by sum of squared deviations from total mean of multi response S/N ratio into percent contribution (PC) by each of the parameters and the error (Phadke, 1989; Ross, 1996) . Tables 10, 11 , 12, 13, and 14 summarize the ANOVA results of burr size for drill diameters of 4, 10, 16, 22 and 28 mm respectively. Since ANOVA has resulted in zero degree of freedom for error term, it is necessary to pool the parameter having less influence for correct interpretation of results. It can be seen from the ANOVA tables that point angle and lip clearance angle have significant effects in minimizing the burr size. On the other hand, cutting speed and feed have moderate effects in controlling the burr size.
Verification experiments
To predict and verify the performance characteristic using optimal level of design parameters, the predicted optimum value of S/N ratio (η opt ) is determined and is given by (Phadke, 1989; Ross, 1996) :
where (m i,j ) max is the S/N ratio of optimum level i of factor j and p is number of main design parameter that affects the burr size. The confidence interval (CI) is determined to judge the closeness of observed S/N ratio (η obs ) value with that of predicted value (η opt ) and is given by (Ross, 1996) 
, N is the total trial number in orthogonal array, υ is the degrees of freedom of p factors and ver n is the confirmatory test trial number. Here, the best combination values of the process parameters obtained through Taguchi optimization were set for the selected drill diameters and the workpieces of the same batches were drilled. The observed value of S/N ratio (η obs ) is compared with that of the predicted value (η opt ). Table 15 illustrates the confirmatory test results for the selected drill diameters. It is observed from the table that the prediction error, i.e., the difference between η opt and η obs , is within CI value, indicating the adequacy of the burr size models.
Discussion on optimization results
From Taguchi optimization results, it is found that the optimal values of cutting speed and lip clearance angle are at low levels i.e. cutting speed at 8 m/min and lip clearance angle at 8 0 for all the drill diameters specified. On the other hand, the requirement of feed is low (0.04 mm/rev) for a 4 mm drill diameter and medium level (0.08 mm/rev) for other drill diameters. Further, it is also observed that larger point angle is required for higher drill diameters beyond 16 mm in order to minimize the burr size.
It is obvious that at higher cutting speed temperature increases with the increase in feed, which helps the material to deform more easily and thus increase in burr size. The low values of lip clearance angle provide enough support for drilling edges, causing the drill to easily break the chips, resulting into smaller burrs. Further, low values of feed ensure minimum thrust, which in turn determines the amount of material that undergoes the plastic deformation. The larger point angles assure maximum lip movement in the earliest possible time to avoid work hardening, resulting into small burrs due to change in chip flow direction. Further, the larger point angles at higher drill diameter values induce the axial chip flow direction, which results the strain at the drill point that is smaller than the exit edge of the hole, giving rise to smaller burrs.
From the above discussions it is evident that the requirement of process parameters to minimize burr size is different for different drill diameters. Thus, with proper selection of process parameters, it is possible to minimize the burr size at all drill diameter values specified.
Conclusions
Taguchi's quality loss function approach, a multi-response optimization method, has been employed in the present investigation to determine the best combination values of process parameters for simultaneously minimizing the burr height and burr thickness at the exit of holes in drilling of AISI 316L stainless steel with HSS twist drills. The experiments were planned as per L 9 orthogonal array under different conditions of cutting speed, feed, point angle and lip clearance angle for specified drill diameter. The optimal levels of process parameters were identified through ANOM and the relative significance of the process parameters was determined by ANOVA. The following conclusions are drawn from the present investigation within the ranges of the process parameters selected:
• The optimal values of cutting speed and lip clearance angle are at low level, i.e. 8 m/min and 8° respectively, for all the drill diameters specified. Further, from ANOM it is also observed that optimal levels of cutting speed and lip clearance angle are independent of drill diameter in minimizing the burr size.
• The requirement of optimal feed is at low level of 0.04 mm/rev for a 4 mm drill diameter, while the medium level of 0.08 mm/rev is necessary in controlling the burr size for other drill diameters selected.
• Smaller point angle of 118° is found to be suitable for the drill diameter in the range 4-16 mm, while the larger point angle of 134° is necessary for drill diameters beyond 16 mm, in order to minimize the burr size.
• ANOVA indicates that point angle has significant effect in reducing the burr size for 4 mm and 10 mm drill diameters. On the other hand, lip clearance angle has major contribution in controlling the burr size for 16 mm, 22 mm and 28 mm drill diameters.
• The validation experiments confirmed that the additive models are adequate for determining the optimal burr size at 95% confidence interval. 
